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Abstract 
 
FAMILIARIZATION WITH AMBULATORY SLEEP AND BLOOD PRESSURE 
MONITORING 
 
Kasey Jordan Kleiber, B.S., Appalachian State University 
M.S., Appalachian State University  
 
Chairperson:  Scott R. Collier 
 
Objectives: Sleep is a life-sustaining action that has implications in aspects of physical, 
mental, and emotional well-being. One necessary event that occurs during sleep is nocturnal 
blood pressure dipping. Measurement of ambulatory sleep and blood pressure are gaining 
popularity as these can be completed in an individual’s home. However, little is known 
regarding the reliability of data and the time it takes oneself to familiarize with the 
equipment. Therefore, the purpose of this study was to determine how many nights of 
wearing the monitoring equipment were required to restore sleep architecture and blood 
pressure data to baseline. Methods: Eight male and female subjects completed all 3 nights of 
both sleep and blood pressure readings. Visit 1 consisted of anthropometric and resting blood 
pressure measurements. The subjects were also familiarized with the equipment and 
instructed to wear the Sleep Profiler™ and SunTech Medical Oscar2 ambulatory blood 
pressure cuff simultaneously for 3 consecutive nights. Visit 2 consisted of the subjects 
returning the equipment and the data being downloaded to a laboratory computer. Results: 
The percent of time spent in N1, N2, N3, and REM were not statistically different between 
nights 1, 2, and 3. Time for wake after sleep onset was not statistically different between 
nights 1, 2, and 3. Time for sleep latency was statistically greater from night 2 to night 3     
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(p = 0.042). Percent nocturnal systolic and diastolic blood pressure dips were not statistically 
different between nights 1, 2, and 3. Cortical and autonomic arousals were not statistically 
different between nights 1, 2, and 3. Conclusions: Ambulatory sleep monitoring takes 3 
nights before the data is reliable and the person is familiarized with the mode of 
measurement. 
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Foreword 
 
 
 This thesis will be submitted to Sleep Health: Journal of the National Sleep 
Foundation, an international peer-review journal owned by the National Sleep Foundation 
and published by Elsevier; it has been formatted according to the instructions to authors for 
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Introduction 
 Sleep is an imperative, mandatory process that has been shown by both human and 
rodent studies to have implications in psychological and physiological health.1,2 Sleep can be 
divided into two main phases that are accompanied by physiological changes: non-rapid eye 
movement (NREM) and rapid eye movement (REM).3 Non-rapid eye movement is further 
composed of three stages: N1, N2, and N3.3 Marked by a state of drowsiness, stage N1 
represents the transition from wake to sleep and is considered light sleep.3 Following a 
decrease in body temperature, stage N2 (sleep onset) is entered.3 This stage exerts influence 
on respiration and heart rate (beats per minute).3 Stage N3, also known as slow wave sleep 
(SWS) or deep sleep, is the most restorative of all stages.3,4 During this stage, growth and 
repair occur, hormones are secreted, and nocturnal blood pressure (BP) dipping occurs due to 
enhanced relaxation during this stage, amongst other physiological processes.3 The amount 
of time spent in SWS is important to allow for recovery from the previous day’s events as 
well as allowing for central nervous system adjustments to obtain the drop in nocturnal BP.5 
Following all NREM stages is REM sleep, which is characterized by darting eye movements, 
increased brain activity and dreaming, memory storage and paralysis.3,5 Furthermore, BP and 
heart rate rise as sleep transitions from NREM to REM.5 Typically, NREM and REM cycle 
amongst one another approximately every 90 minutes throughout the night.5,6 This pattern 
persists for a total of 3 to 6 cycles each night; and as the sleep period progresses, more time is 
spent within REM and less time is spent within SWS.5   
 The recommended amount of sleep varies across a lifetime but nonetheless is just as 
important as the quality of sleep obtained each night. Short (less than 6 hours) and prolonged 
(greater than 9 hours) sleep durations have both been associated with increased risk of 
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adverse health outcomes including, but not limited to, impaired immune function, stroke, 
diabetes, obesity, and hypertension.7, 8, 9, 10, 11 Further, research has shown that insufficient 
sleep has been linked to a variety of mood and emotional disorders, such as stress, 
depression, and anger.12,13,14 In accordance with the aforementioned research, the National 
Sleep Foundation recommends 7-9 hours of sleep for adults.6 Sleep durations outside of this 
range can have detrimental effects on an individual’s health. 
 As previously noted, one important physiological change that occurs during sleep is 
the reduction of BP. This decline in pressures is known as nocturnal BP dipping and is 
classified by a 10-20% decrease.15 The mechanism behind nocturnal BP dipping involves 
baroreflex sensitivity and resetting to a lower set point in conjunction with reductions in 
sympathetic nervous system activity.16, 17, 18 The absence of nocturnal dipping, or less than a 
10% reduction in pressure, is coined “non-dipping” and is linked to a multitude of 
physiological ailments including increased risk of mortality, cardiovascular disease, and 
stroke.19, 20, 21 Sleep can affect BP measurements, with frequent arousals, fragmented sleep, 
and more time spent in stage N1 resulting in blunted BP dipping.18, 22, 23, 24 Sleep continuity in 
conjunction with a greater amount of time spent in deep, restorative sleep is needed to 
mitigate non-dipping status.  
 Currently, there are both subjective and objective ways of measuring sleep. 
Subjectively, sleep questionnaires are employed as user-friendly, quick screening tools that 
aid in identifying habits and behaviors that could translate into sleep disorders.25 However, 
research has shown that individuals tend to unintentionally fabricate sleeping habits.26 
Polysomnography is an objective measurement that is considered the cornerstone for sleep 
architecture assessment.27 Polysomnography utilizes EEG signals, electrooculogram (EOG) 
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signals, electromyography (EMG) signals, and electrocardiogram (ECG) signals, amongst 
other parameters such as pulse oximetry and respiration.28 Due to the invasive and costly 
nature of the test, PSG is typically performed only over one to two nights in a sleep lab.29 A 
less invasive and more economically feasible option to PSG is actigraphy, which can be 
employed in ambulatory settings. Actigraphs are worn on the wrist and rely on movement to 
record sleep parameters.27, 30 While less invasive, relying solely on movement allows for the 
potential to misclassify measured data, especially in the absence of brain wave activity.27 The 
creation of new technology, like the Sleep Profiler™, has allowed for more accurate data 
collection. The Sleep Profiler™ gathers electroencephalogram (EEG) data to determine sleep 
architecture.31 When compared to laboratory PSG, the Sleep Profiler™ had strong agreement 
for all sleep architecture variables and wakefulness, indicating congruency between these two 
methods of data collection.31 Portable sleep monitors allow for data collection in a similar 
fashion as PSG but provide ecological and economic benefits as these can be used in the 
home setting. 
The concurrent measurement of BP and sleep raises the concern of collecting accurate 
data, as some studies have shown that BP monitoring does affect sleep architecture.24 Despite 
this concern, early research by Dimsdale and colleagues32 concluded that BP cuff inflation 
showed an increase in arousals and disturbed sleep. However, two consecutive nights of data 
collection showed a familiarization with ambulatory blood pressure monitoring, as 
demonstrated by significant decreases in arousals in the subjects.32 Therefore, the purpose of 
this study is to determine how many nights of wearing the Sleep Profiler™ paired with an 
ambulatory BP monitor are required to restore BP and sleep architecture data to baseline in 
normotensive, college-aged students. Previous pilot data in our lab has shown no sleep 
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architecture changes from night 3 to night 7 when measured for 7 consecutive days. 
Therefore, we hypothesize that the third night of continual ambulatory sleep and BP 
measurement would be representative sleep architecture for each subject.    
Methods 
Subjects 
Eighteen normotensive (< 130 mmHg systolic blood pressure (SBP) and < 80 mmHg 
diastolic blood pressure (DBP)) male and female subjects between the ages of 18 and 25 
years old were recruited at Appalachian State University for this study. Subjects were 
excluded from the study if their resting BP in visit 1 was above 130/80 mmHg or if they 
could not wear the equipment all 3 nights. 
Procedure 
Eight subjects completed both sleep architecture and BP measurements on all 3 nights 
of data collection. An additional 2 subjects completed all but one variable of data and were 
included in the sample. The first visit consisted of anthropometric and resting BP 
measurements. Prior to visit 1, subjects were advised to refrain from eating and drinking 
caffeinated beverages at least 2 hours prior. After providing their written informed consent, 
height and weight were measured without shoes and the subject was instructed to rest seated 
for 5 minutes. After 5 minutes, BP was measured, the subject was given a 1-minute rest and a 
subsequent measure was taken. If the measurements were not congruent, a third BP 
measurement was ascertained after a 1-minute rest and averaged. Blood pressure 
measurements were completed using an automated BP detection system (GE DinaMap,Pro 
400v2, USA).  Following BP measurements, the subject was familiarized with the Sleep 
Profiler™ (Advanced Brain Monitoring, Inc., Carlsbad, CA, USA) and the SunTech Medical 
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Oscar2 (SunTech Medical, Inc., Morrisville, NC, USA) ambulatory BP device prior to 
departing the laboratory. Blood pressure measurements were recorded every 40 minutes 
during sleep. Subjects were instructed to wear both devices simultaneously for 3 consecutive 
nights and were also advised to avoid alcohol and caffeine late in the afternoon. Data were 
stored within both devices and downloaded to a laboratory computer following night 3 of 
data collection. 
Treatment of the data 
All data were analyzed for outliers via visual inspection, and descriptive statistics were 
determined for each category (SPSS, v.24, Chicago, IL, USA). Sleep and BP data were 
analyzed using a repeated measures ANOVA (group x time) to determine any differences in 
the outcome variables over successive nights. If significance was observed, an LSD 
correction factor was used to determine where any differences were detected between nights. 
Significance was set at p ≤ 0.05, and all data are reported as mean ± standard error (SE).  
Results 
 Eight subjects completed all 3 nights of data collection. Eight subjects were excluded 
for the aforementioned reasons. See Table 1 for subject characteristics.  
Table 1 
Descriptive Characteristics of Subjects 
Age (years) Height (cm) Weight (kg) Resting SBP (mmHg) 
Resting DPB 
(mmHg) 
21.6 ± 0.5 163.9 ± 2.1 71.2 ± 5.8 119 ± 0.6 70 ± 0.5 
All data are reported as mean ± SE. 
 Percent of time spent in N1, N2, and N3 sleep was not significantly different in any of 
the 3 measured nights (Table 2).  
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Table 2  
Percent of time spent in N1, N2, and N3 for nights 1, 2, and 3 
Night N1 (%) N2 (%) N3 (%) 
1 7.6 ± 1.3 51.2 ± 2.8 24.9 ± 2.1 
2 8.3 ± 1.0 49.3 ± 2.7 24.3 ± 3.3 
3 7.1 ± 0.9 50.1 ± 2.4 23.2 ± 3.2 
All data are reported as mean ± SE. 
Percent of time spent in REM sleep for night 1, 2, and 3 was 16.4 ± 1.7%, 18.2 ± 
1.9%, 19.6 ± 2.3%, respectively (Figure 1). 
 
Fig. 1. Percent of time spent in REM sleep for nights 1, 2, and 3. 
 Percent nocturnal systolic BP dip for night 1, 2, and 3 was 16.9 ± 3.8%, 22.4 ± 2.9%, 
and 20.6 ± 2.4%, respectively. While not statistically different, the greatest difference in 
percent nocturnal systolic BP dip occurred between nights 1 and 2 (Figure 2). Percent 
nocturnal diastolic BP dip for night 1, 2, and 3 was 19.1 ± 3.9%, 18.2 ± 4.1%, and 15.5 ± 
7 
 
3.6%, respectively (Figure 2). While not statistically different, the greatest difference in 
percent nocturnal diastolic BP dip occurred between nights 1 and 3.  
 
Fig. 2. Percent nocturnal systolic blood pressure dip and percent nocturnal diastolic blood 
pressure dip for nights 1, 2, and 3. 
Wake after sleep onset (WASO) for night 1, 2, and 3 was 62.1 ± 16.6 minutes, 61.0 ± 
15.4 minutes, and 67.0 ± 1.0 minutes, respectively (Figure 3). While not statistically 
different, the greatest difference in WASO occurred between nights 2 and 3. Sleep latency 
for night 1, 2, and 3 was 28.8 ± 7.6 minutes, 23.8 ± 8.4 minutes, and 36.9 ± 9.7 minutes, 
respectively (Figure 3). Sleep latency between nights 2 and 3 was significantly greater         
(p = 0.042).  
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Fig. 3. Time in minutes for wake after sleep onset and sleep latency for nights 1, 2, and 3. * 
denotes significance (p = 0.042). 
Autonomic arousals overall for night 1, 2, and 3 were 38.2 ± 5.7/hr, 36.0 ± 4.7/hr, and 
38. 2 ± 5.7/hr, respectively (Figure 4). Cortical arousals for night 1, 2, and 3 were 14.6 ± 
2.1/hr, 16.7 ± 3.9/hr, and 15.4 ± 3.2/hr, respectively (Figure 4).  
 
Fig. 4. Cortical and autonomic arousals per hour for nights 1, 2, and 3. 
Discussion 
 To our knowledge, this is the first study to report sleep architecture combined with 
ambulatory BP monitoring within the subjects own bed. The main finding of this study was 
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the trend of most sleep architecture variables and percent nocturnal systolic BP dipping 
showing a regression towards the mean on the third night of data collection. As previously 
mentioned, BP follows a circadian pattern, with nighttime pressures dipping 10-20% in 
healthy individuals.15 In accordance with this measure, the BP dips, for both nocturnal 
systolic and diastolic BP pressures, fell within this range indicating that these 3 nights would 
be considered “normal” sleep nights.15  
Slow wave sleep, or N3, is the reparative and restorative stage that is essential for 
proper functioning. Typically, stage N3 comprises 20-25% of a sleep episode.33 The values 
for percent of time spent in stage N3 fell within this range indicating that SWS was not 
altered by cortical or autonomic arousals. Because SWS was not altered, nocturnal BP 
dipping could have occurred as it normally would, which might explain why nocturnal 
systolic BP dipping was not statistically different between nights. Sayk et al.34 has shown that 
decreased time spent in SWS exhibits deleterious effects on cardiovascular regulation during 
nocturnal dipping.  This is evidenced when individuals were shifted via sleep interventional 
response, from SWS to N1 or N2, and the nocturnal dip was attenuated and sleep quality was 
decreased.34 Our data demonstrates that the nocturnal systolic BP dip was lowest on night 1, 
highest on night 2, and then rebounded on night 3 to a value between night 1 and night 2 
(16.9 ± 3.8%, 22.4 ± 2.9%, and 20.6 ± 2.4%, respectively).  This trend could have been 
attributed to excessive tiredness following sleep changes during the first night of habituation 
with the monitoring equipment. However, the data shows a return toward night 1 data 
following the third night of measurement, indicating a return towards “normal” sleep on 
night 3. We may be able to explain the changes in dipping between nights by the stress 
response from the subjects. Whereas, increased levels of cortisol, from the perceived stress of 
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wearing the equipment for the first time, may contribute to decreases in nocturnal dipping.35 
Anticipation of the unknown has also been shown to increase the stress response leading to a 
worsened sleep quality, as Mohammad H et al.36 has recently demonstrated. Our subjects 
showed the greatest increase in autonomic arousals on night 1 and the lowest on night 2, 
congruent with our dipping responses. However, it is noted that we did not show any 
significant differences within nocturnal systolic dipping between nights; therefore, a minimal 
detrimental effect on sleep was determined from these data.   
In contrast, sleep latency and WASO were both lowest on night 2 and highest on 
night 3. The difference in time for sleep latency was statistically different between nights 2 
and 3, but time for WASO was not statistically different between nights. Stage N3 continued 
to decrease and was lowest on night 3; whereas, REM sleep continued to increase and was 
highest on night 3. Although, neither time spent in N3 nor time spent in REM were 
statistically different from night 1 to night 3. The increase in REM over the successive nights 
of measurement may be attributed to greater cortical integration.37 Further, Ferreria et al.38 
has shown that decreases in the prior night’s sleep lead to increases in melanin-concentrating 
hormone (MCH) which has been shown to directly increase REM sleep. Our subjects 
displayed increases in N1 sleep on night 2 and increases in N2 sleep on night 3. These shifts 
to lighter sleep stages could have been attributed to the decrements in time spent in SWS, 
adding to the aforementioned NREM stages over the course of the 3 nights. This has been 
further supported by Sayk et al.34 who showed that SWS deprivation resulted in increases in 
NREM variables. This dataset also supports our findings of increases in WASO on day 3 in 
our subjects.34 While it is detrimental to decrease time spent in SWS, our data showed that 
there were no significant differences between nights; therefore, we can assume wearing 
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sleeping monitoring equipment is not detrimental to sleep architecture and BP. This data 
revealed the third night of data collection was the most accurate depiction of the subjects’ 
sleep.  
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